Magnesium/calcium data from planktonic foraminifera in equatorial Pacific sediment cores demonstrate that tropical Pacific sea surface temperatures (SSTs) were 2.8°Ϯ 0.7°C colder than the present at the last glacial maximum. Glacial-interglacial temperature differences as great as 5°C are observed over the last 450 thousand years. Changes in SST coincide with changes in Antarctic air temperature and precede changes in continental ice volume by about 3 thousand years, suggesting that tropical cooling played a major role in driving ice-age climate. Comparison of SST estimates from eastern and western sites indicates that the equatorial Pacific zonal SST gradient was similar or somewhat larger during glacial episodes. Extraction of a salinity proxy from the magnesium/calcium and oxygen isotope data indicates that transport of water vapor into the western Pacific was enhanced during glacial episodes.
The equatorial Pacific ocean dominates the tropical ocean due to its size, because (i) it encompasses the warmest region of the oceans, the western Pacific warm pool; (ii) it is the principal source of water vapor to the atmosphere; and (iii) it influences interannual oscillations in climate (1) . Previous studies of tropical sea surface temperature (SST) changes on glacial-interglacial time scales in the Pacific have been ambiguous. Results for the Pacific from CLIMAP (Climate: Long-Range Investigation, Mapping, and Prediction) obtained using faunal transfer functions indicate an areaaveraged (20°S and 20°N) last glacial maximum (LGM) August SST that is Ϫ1°Ϯ 2°C, relative to the Holocene (2) . Some studies using revised faunal methods support up to 2°C or greater cooling than originally suggested by CLIMAP (3), and results from alkenone unsaturation ratio data suggest cooling of 2°to 3°C (4, 5) . In sharp contrast to all these studies are the inferences based on coral Sr/Ca, which suggest cooling of 6°C (6) . The more extreme marine cooling estimates appear to be supported by terrestrial evidence, including a snow line lowering of 800 Ϯ 50 m (7), noble gas records in ground waters (8) , and isotope records from tropical alpine glaciers (9) . Because of these conflicting data, the role of the tropical Pacific in driving glacial-interglacial climate change remains unresolved.
The Mg content of planktonic foraminifer shells is a proxy of past SST that has recently been validated in a number of oceanographic settings (10) (11) (12) (13) . Mg paleothermometry has certain unique advantages over other proxies, the most important of which is that Mg/Ca is measured in foraminifer shells, which are by themselves a vital archive of past climate and the carrier phase for oxygen isotopes. Measuring both Mg/Ca and ␦
18
O in foraminifer shells from a deep sea core makes it possible to separate the magnitude and timing of SST and ␦
O water changes (11, 13) . The conundrum of tropical Pacific cooling is an ideal problem for the application of Mg paleothermometry, because this method can be applied to oligotrophic regions such as the western equatorial Pacific (WEP), where sediments contain insufficient organic carbon for application of the alkenone unsaturation ratio technique.
We apply Mg paleothermometry in combination with coincident ␦ 18 O measurements to determine the thermal and hydrographic history of tropical Pacific surface waters. We selected tropical sites that represent the two end members of the equatorial Pacific: cores from the Cocos Ridge and Galapagos Platform just north of the cold upwelling environment of the eastern equatorial Pacific (EEP), and a site on the Ontong Java Plateau (OJP) in the WEP in the center of the Pacific warm pool ( Fig. 1 and Table 1 ). We focus on tropical spinose planktonic foraminifera that directly represent sea surface conditions because they dwell in the mixed layer.
Temperature calibrations for Mg/Ca and influence of preservation. Several planktonic species have been calibrated for Mg uptake using core-tops and culturing (11, (13) (14) (15) . These calibrations indicate that the Mg content of foraminifer shells is an exponential function of temperature with an increase of 9 Ϯ 1% in Mg/Ca per°C. The absolute Mg/Ca of the shells at a given temperature appears to be species-specific, necessitating individual calibration of each species. For temperature conversion in this study, we use a Globigerinoides ruber calibration based on core-tops from the tropical Pacific, which yields the following relationship ( Fig. 2A) (14) for G. sacculifer yielded Mg/Ca (mmol/mol) ϭ 0.39exp[0.089 ϫ T (°C)]. These relationships have identical exponential terms and differ only in the pre-exponential constant. We hypothesize that the constant offset does not reflect uptake differences but rather a combination of the effect of a small addition of gametogenic calcite at colder temperatures and/or poorer (43) . The locations of the two principal cores in this study are indicated. Cocos Ridge core TR163-19 is located just north of the cold upwelling water that characterizes the EEP. Mixed layer thickness averages about 20 m with a relatively shallow thermocline in which temperature drops from 25°to 15°C within 100 m of the surface. Seasonal SST variation is about 3°C at the two more northeasterly sites (TR163-18 and TR163-19) and rises to 4°C at the two southwesterly sites (TR163-20B and TR163-22). ODP Hole 806B on the Ontong Java Plateau lies in the center of the western Pacific warm pool, the warmest (Ͼ29°C) water mass in the oceans. This site is characterized by an 80-m-thick mixed layer (T Ͼ 28°C) underlain by a deep thermocline in which temperature barely drops to 27°C at 100 m water depth. Seasonal variation is minimal, typically less than 1°C. preservation in core-top relative to cultured samples (18). To ensure that samples have experienced similar degrees of preservation, we restricted the core-top calibration to Pacific samples.
Because dissolution influences shell Mg/Ca, we measured Mg/Ca in G. ruber in a core-top transect on the OJP (Fig. 2B) The Mg/Ca records from three of the EEP cores indicate that early Holocene SST was ϳ1°C warmer than the core-tops, which have been dated to 950 to 1250 years before the present (yr B.P.) (31). The age of the SST maximum corresponds to the earliest Holocene. The SST maximum also corresponds to a similar feature in the Antarctic Vostok icecore deuterium record (see below and Fig. 4 ) and the Huascarán ice core in Peru (9) .
Western Pacific warm pool results from the Ontong Java Plateau. We analyzed ␦
O and Mg/Ca in G. ruber from the top 9.5 m of ODP Hole 806B on the OJP (Fig. 3) (32-34) . The data indicate four complete glacial-interglacial oscillations back to MIS 12, at 450 ky B.P. The average ␦
O amplitude of the last two glacial-interglacial cycles is ϳ1.2‰, which is considerably smaller than the average value of 1.7‰ for moderate sedimentation rate deepsea cores in the tropics (23). Previous studies have noted the generally smaller glacial-interglacial ␦
O amplitude in western Pacific cores relative to other basins and attributed it to unchanged glacial-interglacial SST, reduced amplitude due to bioturbation, and changes in surface salinity distribution (23, 24). The MIS 12-11 transition stands out with a much larger amplitude of almost 2‰, a feature which has previously been observed in several other cores from the OJP (35). The Mg/Ca data from Hole 806B indicate a glacial-interglacial amplitude of approximately 1 mmol/mol except on the MIS 12-11 and MIS 11-10 transitions, where the change is nearly 1.5 mmol/mol.
The changes in Hole 806B Mg/Ca, assuming a 9% increase in Mg/Ca per°C, equate to a 2.8°Ϯ 0.7°C drop in SST during the LGM and an average 3°C drop during glacial episodes ( Fig. 3 and Table 1 ). The MIS 12-11 and MIS Fig. 2A . The estimated error of the core-top to LGM SST change is calculated from the deviation of core-top Mg/Ca-SST from Levitus SST (43), the standard deviation of the LGM Mg/Ca, and the standard error of the calibration (0.6°C). This error does not explicitly include the potential bias of downcore preservation changes, although preservation differences clearly contribute to the standard error of the calibration (Fig. 2 ).
11-10 transitions stand out with a 5°C change in SST. Spectral analysis demonstrates that maximum Mg/Ca leads minimum ␦
O by about 3 ky, as is seen for TR163-19 (36). We confirmed the G. ruber results for Hole 806B by measuring Mg/Ca and ␦
O in G. sacculifer for the youngest 60 ky of the core (37). We evaluated the potential influence of seafloor preservation changes by using the depth variation of sediments containing 80% CaCO 3 in the central equatorial Pacific over the last 470 ky (20) to estimate changes in lysocline depth [Web fig. 2 (26)]. The potential bias on SST estimates is ϩ0.8°C for MIS 2 and MIS 3; in the rest of the record, the potential bias never exceeds Ϯ0.4°C. If these estimates of preservation are correct, they suggest that the actual SST decrease in the WEP during the LGM was ϳ3.5°C.
SSTs for glacial MIS 2 and MIS 6 determined from OJP Hole 806B Mg/Ca data are ϳ3°C colder than modern values, compared to the 6°C cooling estimate determined from Sr/ Ca of corals from the western tropical Pacific and dated to the Younger Dryas interval and termination II (6, 38) . This difference is potentially reconciled by new evidence for glacialinterglacial changes in seawater Sr/Ca (39, 40) . Foraminiferal Sr/Ca data in (40) suggest that seawater Sr/Ca during the LGM was ϳ3% higher than in the modern ocean [but see (39) for a different interpretation]. Because this difference is in the same direction as the average 5% higher Sr/Ca in glacial corals, when it is factored into the calculation of paleotemperatures, coral estimates actually indicate cooling of only 3°C (assuming 0.7% increase in coral Sr/Ca per°C lower SST), in agreement with the estimate based on Hole 806B Mg/Ca data.
The large amplitude change in ␦
O observed over O and Mg/Ca data indicate that MIS 11 and MIS 10 stand out as the warmest and coldest periods in the equatorial Pacific over the last 450 ky. SST extremes are 30°C for MIS 11 and 25°C for MIS 10, about 1°C warmer and colder, respectively, than averages for interglacial and glacial episodes. Previous studies have suggested that MIS 11 was a period of intense warmth and higher relative sea level, and faunal and isotopic records from the sub-Antarctic and North Atlantic indicate unusually warm conditions (27, 41). Sub-Antarctic cores also show enhanced cooling during MIS 10 and MIS 12 (27). Our data indicate that this climate amplification extended to the WEP.
Zonal gradients on the equator: comparison between the eastern and western Pacific. Temperature variability indicated by the Mg/ Ca records show a strong correspondence between the eastern and western sites (Fig. 3) . Some of the features that are clearly marked in the higher resolution TR163-19 record are not as apparent in the Hole 806B record, partly because of the presence of sampling gaps in Hole 806B. The poorest match occurs between 300 to 340 ky (MIS 9), which we attribute to uncertainty in the stratigraphy for ODP 806B in this interval because of a disturbed coring interval at 6.5 to 6.9 m (ϳ308 to 327 ky) (42) . These sites suggest a consistent picture of about 3°to 4°C colder equatorial Pacific SST during glacial episodes.
The mean SST difference between the WEP and EEP sites is 2.8°Ϯ 0.8°C (averaged over a time step of 2 ky), compared to a modern mean annual SST difference of 3°C (43) . The zonal gradient appears to be ϳ1°C larger than the mean value during glacial episodes (e.g., MIS 2, 6, 8) and ϳ1°C smaller during the warmest interglacial periods (e.g., MIS 5.5, 7.5, 9.3) (Fig. 3) . This observation is supported by faunal studies indicating an increase in the Pacific zonal thermocline gradient during the LGM (44) . The inferred changes in the zonal SST gradient might reflect enhanced trade winds during glacial episodes, analogous to the La Niña state of the modern Pacific.
Why is the glacial-interglacial ␦
O amplitude in the WEP so much smaller than its counterpart in the EEP? Temperature changes implied by the Mg/Ca data are similar in the EEP and WEP (Fig. 3) . The similar magnitude of Mg/Ca change at the two sites rules out bioturbation as the cause, although it could certainly account for a reduction of amplitude in (159°22ЈE, 0°19ЈN, 2520 m) , based on the surfacedwelling planktonic foraminifera G. ruber. The age scale is based on radiocarbon dates for the core-tops and the SPECMAP age scale (53) . Gaps in the Hole 806B record are due to coring and sampling gaps. Each Mg/Ca point is the average of two analyses. The SST scale for Mg/Ca is nonlinear and is based on conversion of Mg/Ca data using the relationship: SST (°C) ϭ 0. O w (and salinity) decreased in the WEP relative to the global ocean value. A decrease in WEP salinity (of ϳ1 PSU or more) would also increase the overall Atlantic-Pacific salinity contrast during glacial episodes, as previously suggested on the basis of oxygen isotope data alone (51) . One potential mechanism for these changes is an increase in precipitation in the WEP analogous to the La Niña state of the modern Pacific, perhaps connected to enhanced westerly transport of water vapor by stronger glacial trade winds (44) . This explanation is supported by increased Pacific zonal SST gradients during glacial episodes (Fig. 3) (54) . Some of the features that are especially apparent in the comparison of the Mg/Ca-based SST and Vostok ␦D records are that the coldest temperatures generally occur 10 to 20 ky prior to terminations; the relative temperature difference between peak interglacial episodes suggests that MIS 5.5 and MIS 9.3 are the warmest periods, followed by MIS 7.5 and the early Holocene; and the relative temperature of warm substages in MIS 5 and MIS 7 both decrease successively with younger age. The overall cross correlation between the Cocos Ridge Mg/Ca and Vostok ␦D records over the chronologically consistent interval of 1 to 260 ky is r ϭ 0.75, with coherence of 0.96 (well above the 95% confidence interval) at both the 100-and 40-ky periods. The chronologies clearly diverge in the latter part of the record (Ͻ260 ky), but this offset between the glaciological and orbital time scale has already been recognized (54) . The numbered, shaded bars indicate marine isotope stages. tated in a groundwater-submerged fissure in the Great Basin (Nevada) and independently dated by U disequilibrium series, indicates large glacial-interglacial oscillations that lead foraminiferal ␦
O records by up to 20 ky (52) . Initial publications describing this lead questioned the veracity of the entire orbitally tuned SPECMAP time scale, which is fundamental to Milankovitch theory (53) . The lead in Mg/Ca-based temperatures over ␦
O in our records suggests that if the Devils Hole data records temperature change, it should be in phase with oceanic temperature records but lead oceanic ice volume records.
A comparison of the EEP Cocos Ridge Mg/ Ca record (TR163-19) and the Devils Hole record, each on completely independent chronologies (Fig. 5A) , indicates that the two records are in phase and match significantly better than is observed for the foraminiferal ␦ Further evidence of connections between the tropical Pacific and global climate comes from comparison of the Cocos Ridge records with the Antarctic Vostok ice-core deuterium record (54) . Many features can be traced between the Cocos Ridge Mg/Ca and Vostok ␦D temperature records, one on the equator and one near the South Pole (Fig. 4) . The correspondence between the two records indicates synchronous (within the 2-ky resolution of the sites) global temperature change in the Antarctic atmosphere and EEP surface ocean. The magnitude of the inferred temperature changes is approximately double for air temperature over Vostok, consistent with the greater sensitivity of polar regions and the lower heat capacity of the atmosphere and in agreement with a previous comparison of sub-Antarctic SST records and Vostok-inferred air temperatures that also reveal a greater magnitude for air temperature changes (11) .
Our results demonstrate that equatorial Pacific SST was about 3°C colder than modern conditions during glacial episodes of the last 500 ky, and that the western Pacific warm pool, the oceanic region most isolated from continental ice sheets (3), was a dynamic part of glacialinterglacial climate change. The timing of SST change precedes the formation and demise of continental ice sheets by at least 3 ky. Similar results from other tropical sites in the Atlantic and Indian Oceans (12, 28) suggest that tropical surface water cooling was a synchronous global-scale feature. Tropical Pacific cooling is certain to have played a major role in forcing climate change both directly through heat exchange with the atmosphere and indirectly through its impact on the water and CO 2 content of the atmosphere. 16. Methods: For Mg/Ca, about 50 to 60 Globigerinoides shells were picked from the 250-to 350-m fraction of the cores, of which 10 to 15 shells were separated for isotopic analysis (see below). The remaining shells, weighing about 0.6 mg, were gently crushed open and split into two aliquots that were cleaned of contaminating phases using a multi-step cleaning procedure developed for trace element analysis. Splits of the sample were analyzed in separate runs and results compared to judge overall reproducibility (see below). Cleaning tests on Holocene and glacial samples from TR163-19 reveal a small but significant decrease in Mg/Ca with more intense cleaning, and an apparent improvement in reproducibility of sample splits. Samples were simultaneously dissolved and analyzed by isotope dilution inductively coupled plasma mass spectrometry (17). Long-term reproducibility of Mg/Ca determinations is estimated at Ϯ2.1% (1) based on 268 analyses of consistency standard CN3 (Mg/Ca ϭ 1.56 Ϯ 0.03 mmol/mol), matched in Ca concentration to the average foraminifer sample, and analyzed over a 2-year period with the samples that were used in this study. The average reproducibility of sample splits from sediment intervals in TR163-19 and ODP806B was Ϯ0.08 and Ϯ0.09 mmol/mol, respectively, equivalent to Ϯ3% and Ϯ2.4%, respectively. For analysis of ␦ 18 O in foraminiferal calcite, between 10 to 15 shells were pooled, sonicated for 5 s in methanol, and roasted at 375°C for 30 min in vacuo, then reacted individually in 105% H 3 PO 4 at 90°C using an Isocarb common acid bath autocarbonate device. The resulting CO 2 was then analyzed by a Fisons Optima isotope ratio mass spectrometer. Data are presented in standard delta notation as the per mil (‰) difference from the Pee Dee Belemnite (PDB) standard. The analytical precision of the measurements is better than Ϯ0. The origin and evolution of photosynthesis have long remained enigmatic due to a lack of sequence information of photosynthesis genes across the entire photosynthetic domain. To probe early evolutionary history of photosynthesis, we obtained new sequence information of a number of photosynthesis genes from the green sulfur bacterium Chlorobium tepidum and the green nonsulfur bacterium Chloroflexus aurantiacus. A total of 31 open reading frames that encode enzymes involved in bacteriochlorophyll/porphyrin biosynthesis, carotenoid biosynthesis, and photosynthetic electron transfer were identified in about 100 kilobase pairs of genomic sequence. Phylogenetic analyses of multiple magnesium-tetrapyrrole biosynthesis genes using a combination of distance, maximum parsimony, and maximum likelihood methods indicate that heliobacteria are closest to the last common ancestor of all oxygenic photosynthetic lineages and that green sulfur bacteria and green nonsulfur bacteria are each other's closest relatives. Parsimony and distance analyses further identify purple bacteria as the earliest emerging photosynthetic lineage. These results challenge previous conclusions based on 16S ribosomal RNA and Hsp60/Hsp70 analyses that green nonsulfur bacteria or heliobacteria are the earliest phototrophs. The overall consensus of our phylogenetic analysis, that bacteriochlorophyll biosynthesis evolved before chlorophyll biosynthesis, also argues against the long-held Granick hypothesis.
The advent of photosynthesis is one of the central events in the early development of life on Earth. The origin and evolution of photosynthesis, however, have long remained unresolved. Studies have demonstrated that photosynthetic eukaryotes acquired photosynthetic properties from endosymbiosis with cyanobacteria (1). This observation, coupled with the fact that no Mg-tetrapyrrole-based photosynthesis has been found in Archaea, supports the notion that photosynthesis is a bacterially derived process (2) . To obtain insight into the early evolution of photosynthesis, it is essential to conduct detailed phylogenetic analysis of many photosynthesis genes from each of the five known photosynthetic bacterial lineages. However, a paucity of photosynthesis gene sequences across the entire spectrum of photosynthetic bacteria has required that previous analyses rely on the use of nonphotosynthesis genes, which have given conflicting results for the evolution of photosynthesis and of photosynthetic organisms. For example, phylogenetic analysis of small-subunit rRNA suggests that green nonsulfur bacteria are the earliest evolving photosynthetic lineage (3). In contrast, using portions of the Hsp60 and Hsp70 heat shock proteins as markers, Gupta et al. (4) concluded that heliobacteria are the earliest evolving photosynthetic lineage and that this lineage subsequently diverged to green nonsulfur bacteria, cyanobacteria, green sulfur bacteria, and purple bacteria, in that order. The conflicting trees derived from such studies indicate that extrapolating the evolution of photosynthesis from nonphotosynthesis gene trees may be invalid. Another problem arises when only a single set of photosynthesis genes is used for phylogeny. Previous attempts to analyze the evolution of photosynthesis using photosynthetic reaction center apoproteins failed to construct a phylogeny that includes all five photosynthetic bacterial lineages, because anoxygenic photosynthetic bacteria contain only one type of photosynthetic reaction center (type I or type II), whereas cyanobacteria contain both types of reaction center. Though the two types of reaction centers share significant structural similarities (5), their sequences have diverged to such an extent that it is virtually impossible to perform a statistically 
